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Abstract 
When a quench occurs in a superconducting magnet, excessive joule heating in normal region may damage the magnet. It is 
important to detect the quench in the magnet as soon as possible and discharge magnetic energy stored in the magnet. The authors 
have proposed a quench detection/protection system based on active power method which detects an active power dissipated in the 
magnet after the quench. In this paper, the authors propose a method to decide an appropriate criterion to protect the magnet from 
the excessive joule heating by using 1D heat equation. The method can determine a safe criterion for the quench 
detection/protection within a short time. The authors show the usefulness of the method through experimental results for high 
temperature superconducting coils. 
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1. Introduction 
When a quench occurs in a superconducting magnet, too much heat generation in normal region may damage the 
magnet. It is important to detect the quench as soon as possible and discharge magnetic energy stored in the magnet 
and inhibit its temperature rise. The authors have proposed a quench detection/protection system by an active power 
method and reported its effectiveness [1-3]. This method detects the quench by measuring an active power dissipated 
within the magnet regardless of self and mutual inductive voltages and electromagnetic noise which cause an 
erroneous decision of the quench occurrence. In this paper, the authors propose a method to decide a criterion 
(threshold) to protect the magnet from the excessive joule heating. The threshold is generally decided from 
experimental results of many quench detection/protection tests or three-dimensional analysis for quench initiation and 
propagation . However, they need too much time and labor. A hot spot model has been proposed as a method to decide 
the threshold in short time [4], however, it is very different from actual normal transition therefore an appropriate 
threshold is difficult to be decided. The authors propose a method to decide an appropriate threshold by using 1D heat 
equation and show its usefulness through experimental results for high temperature superconducting coils. 
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2. Decision of a safe criterion  
In the active power method, the quench occurrence is recognized by comparing an active power P’ and a threshold 
Pth [1-3]. The authors propose a method to decide Pth by using 1D heat equation. When a superconducting-to-normal 
transition occurs in a superconducting coil, a transport current flows through stabilizer of its winding and joule heating 
generates in a normal region. The heat propagates for transverse and longitudinal directions. In this paper, it is 
assumed that the heat propagates only for the longitudinal direction because the heat is easy to propagate for the 
longitudinal direction and calculation time to decide the threshold is reduced. The 1D heat equation is shown in Eq.1. 
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Where T: temperature (K), C(T): Specific heat of the stabilizer (J/m3K), Ȝ(T): thermal conductivity of stabilizer 
(W/mK), ȡ(T): resistivity of stabilizer (m), I: transport current (A), Sa: cross section of superconducting winding 
(m2), Sb: cross section of the stabilizer  k: coefficient which is decided as follows: 
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(TCS:current sharing temperature, TC:critical current)                                   (2) 
The specific heat and resistivity are enough smaller than those of the normal region of superconductor and the thermal 
conductivity is enough larger than that of the superconductor. Therefore the specific heat, resistivity and thermal 
conductivity of only the stabilizer are considered. n-value is not considered to simplify the calculation (It is assumed 
that n-value is large enough). It is assumed that the superconducting coil is cooled in adiabatic condition. Temperature 
rise based on this calculation is larger than that of an actual superconducting coil because it is assumed that the heat 
propagates only for the longitudinal direction in adiabatic cooling. Therefore the threshold decided by this calculation 
has some margin for quench protection of the actual superconducting coil. 
3.  Experimental results  
3.1. Quench protection system 
Fig. 1 shows configuration of a quench protection system. When a superconducting coil (SC) is recognized to be in 
a superconducting state, S1 and S2 turn on and off, respectively, and i is supplied to SC. When SC is recognized to be in 
a normal state, S1 and S2 turn off and on, respectively, and i is cut off and magnetic energy stored in SC is discharged 
in a protection resistor (= 2 ȍ).  
3.2. Calculation results by 1D heat equation 
  Table1 shows specifications of high temperature superconducting coils used for quench protection tests. Fig. 2 shows 
calculation results for Bi2Sr2Ca2Cu3Ox/Ag coil (SC1).  It is assumed that the transport current is DC of 100 A which is 
lower than critical current of SC1 and superconducting-to-normal transition occurs locally in its winding at 0 s by 
local heating. Initial temperature of SC1 is 77 K. Pth is decided so that maximum temperature in SC1 becomes lower 
than 200 K [5]. Fig. 2 shows calculation results after the superconducting-to-normal transition. P’ and temperature of 
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Fig. 1. Configuration of a quench protection system. 
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quench initiation point gradually increase after the superconducting-to-normal transition as shown in Figs. 2 (a) and 
(b), respectively. When P’ reaches to Pth = 13 W, i is cut off (Fig. 2 (c)) and the temperature decreases gradually (Fig. 
2 (b)) and then the maximum temperature is 185 K (lower than 200 K). That is, Pth of 13 W is a safe threshold for SC1 
in this operating condition. Also Pth can be calculated in less than a few 10 minutes. 
Fig. 3 shows calculation results for Y1Ba2Cu3Ox coil (SC2) after the superconducting-to-normal transition. A safe 
threshold for SC2 is decided to 9.6 W as well as SC1. 
 
3.3. Experimental results of quench protection tests 
 
Fig. 4 shows experimental results of quench protection test for SC1 before and after the superconducting-to-normal 
transition, which is initially and adiabatically cooled at 77 K. The superconducting-to-normal transition is occurred  
 
Table.1. Specifications of high temperature superconducting coils. 
 Bi2Sr2Ca2Cu3Ox/Ag coil (SC1) Y1Ba2Cu3Ox coil (SC2) 
Coil   
Inner diameter (mm) 140 140 
Outer diameter (mm) 150 150 
Height (mm) 140 230 
Number of turns 11.5 28.5 
Inductance (ȝH) 21.7 78 
IC (at 77 K, self-field) (A) 119 120.5 
Wire   
Width (mm) 4.2 4.32 
Thickness (mm) 0.22 0.21 
Stabilizer Ratio of silver 1.7 Thickness of Cu stabilizer 50 ȝm 
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(a)                                                                   (b)                                                                     (c)  
Fig. 2. Calculation results using 1D heat equation for SC1: (a)P’, (b)temperature of quench initiation point, (c) transport current 
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(a)                                                                    (b)                                                                        (c)  
Fig. 3. Calculation results using 1D heat equation for SC2: (a)P’, (b)temperature of quench initiation point, (c) transport current 
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(a)                                                                   (b)                                                                          (c)  
Fig. 4.  Experimental results of quench protection test for SC1: (a)P’, (b)temperature of quench initiation point, (c) transport current 
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Fig. 5.  Experimental results of quench protection test for SC2: (a)P’, (b)temperature of quench initiation point, (c) transport current 
 
locally by local heating. A transport current and Pth are the same as those in the calculation for SC1 (Fig. 2). P’ and 
temperature of quench initiation point gradually increase after the superconducting-to-normal transition as shown in 
Figs. 4 (a) and (b), respectively, as well as Figs. 2 (a) and (b). When P’ reaches to Pth = 13 W, i is cut off (Fig. 4 (c)) 
and the temperature decreases gradually (Fig. 4 (b)). The maximum temperature is 135 K, which is lower than the 
calculation result of 185 K because the calculation is assumed that the heat propagates only for the longitudinal 
direction in adiabatic cooling. This results show the threshold based on 1D heat equation is a safe criterion for SC1. 
Fig. 5 shows experimental results of quench protection test for SC2 before and after the superconducting-to-normal 
transition, which is initially and adiabatically cooled at 77 K, and a transport current and Pth are the same as those in 
the calculation for SC2 (Fig. 3) as well as SC1. P’ and temperature of quench initiation point gradually increase after 
the superconducting-to-normal transition as shown in Figs. 5 (a) and (b), respectively, as well as Figs. 3 (a) and (b). 
When P’ reaches to Pth = 9.6 W, i is cut off (Fig. 5 (c)) and the temperature decreases gradually (Fig. 5 (b)). The 
maximum temperature is 145 K, which is lower than the calculation result of 200 K as well as SC1. The threshold 
based on 1D heat equation is also useful for SC2. 
4. Conclusions 
In this paper, the authors proposed a method to decide an appropriate criterion for quench protection based on active 
power method of superconducting coils by using 1D heat equation. Experimental results show its usefulness for high 
temperature superconducting coils. Hereafter the authors will study about its usefulness for commercial size 
superconducting magnets. 
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